Studies of current dynamics in solids have been hindered by insufficiently brief trigger signals and electronic detection speeds. By combining a coherent control scheme with photoelectron spectroscopy, we generated and detected lateral electron currents at a metal surface on a femtosecond time scale with a contact-free experimental setup. We used coherent optical excitation at the light frequencies w a and w a /2 to induce the current, whose direction was controlled by the relative phase between the phase-locked laser excitation pulses. Time-and angle-resolved photoelectron spectroscopy afforded a direct image of the momentum distribution of the excited electrons as a function of time. For the first (n = 1) image-potential state of Cu(100), we found a decay time of 10 femtoseconds, attributable to electron scattering with steps and surface defects.
T he electric conductivity of most materials is limited by fast scattering processes of electrons. In the case of metals, the time scale between the individual scattering events is typically in the range of femtoseconds (1) . Usual conductivity measurements cannot access this time scale because available electronic equipment can neither produce trigger signals nor detect transients that are shorter than tens of picoseconds. Here, we introduce an experimental technique to measure the dynamics of electrical currents on the femtosecond time scale. The technique combines methods of coherent control with time-and angleresolved photoelectron spectroscopy. Our setup is contact-free. It involves the all-optical generation of electric current pulses and the time-resolved measurement of the momentum distribution of the electrons that carry the current.
The basic optical excitation scheme that we apply has been used to induce electric currents in semiconductors (2, 3) and to generate terahertz radiation (4) . It is a variant of the Brumer-Shapiro scheme of coherent control (5) . Two phaselocked laser fields with frequencies w a and w a /2 coherently excite electrons from an occupied into an unoccupied state-for example, from the valence band into the conduction band of a semiconductor. The quantum mechanical interference of the two different excitation pathways (i.e., the one-and the two-photon transitions) allows control of the excitation of electrons at different points in momentum space (k-space). In this way, variation of the relative phase between the two laser fields can set the direction as well as the magnitude of an induced current density. In the present experiment, the current is not induced in the volume of a semiconductor but at the surface of a metal. There, strong electron-electron interaction may severely limit the attainable degree of quantum coherence. However, previous work clearly demonstrated that a fixed phase relationship between an excited electron and the corresponding photohole can persist considerably longer than an optical cycle and that coherent control in metals is possible (6) (7) (8) . As shown below, models developed for photocurrents in semiconductors, if appropriately modified, are indeed able to describe the current generation at a metal surface.
The detection of current pulses is just as important as their generation. Commonly this is accomplished by measuring a voltage drop between two contacts. Whereas this straightforward method clearly showed that the optical excitation scheme resulted in macroscopic electrical currents in semiconductors (2, 3), it is not suitable for detailed studies with ultrafast time resolution. Instead, a contact-free laser-based method is also required for the detection of currents. With time-and angle-resolved photoelectron spectroscopy, we can achieve femtosecond time resolution. Moreover, as this technique directly maps out the excited electrons in k-space, it has the capability to provide information on the generation and decay of currents in unprecedented detail. The macroscopic current density is given by the sum over the microscopic contributions of the individual carriers with charge ± e and moving with velocities v; in the case of a surface electron current,
where j || is the total lateral current density, ħ is Planck's constant divided by 2p, n e is the density of excited electrons, k || is the electron momentum parallel to the surface divided by ħ, k max is the maximum value of k || , and m e is the electron mass. At the surface of a well-ordered solid, k || of a photoemitted electron is conserved (9) . By measuring the kinetic energy E kin and the emission angle q normal to the surface, the parallel momentum of the emitted electrons can be determined from the relation
Because n e (k || ) is proportional to the angleresolved photoemission yield, the method can be used to determine not only j || but also the individual contributions of electrons of different momenta to this current. We have applied this optical current generation and detection scheme to image-potential states on the (100) surface of a copper single crystal (10) . Electrons excited to image-potential states are bound perpendicular to the metal surface by the Coulombic image potential, whereas they can move almost freely parallel to the surface (11, 12) . In order to investigate these states with photoelectron spectroscopy, a short ultraviolet laser pulse with frequency w a is normally used to populate them via optical interband transitions from occupied bulk states below the Fermi level E F (Fig. 1B) . The temporal evolution of the population of the states is then probed by photoemitting the excited electrons with a second laser pulse at variable time delay and frequency w b (13) (14) (15) (16) . A typical angleresolved spectrum of such a two-photon photoemission experiment (2PPE) showing the first (n = 1) image-potential state of Cu(100) is depicted in Fig. 1A . The imaging photoelectron analyzer of our experimental setup makes it possible to measure the photoemission intensity within a continuous range of emission angles and energies simultaneously (17) . The data clearly reveal the free electron-like parabolic energy dispersion E(k || ) of the state parallel to the surface. The distribution of the 2PPE intensity is symmetric with respect to the surface normal, as neither the pump nor the probe process is able to alter the symmetry of the system with respect to the surface normal.
The situation changes when the phaselocked w a /2 pump pulse is used for excitation in addition to the w a pulse. The coherent excitation of the image-potential state with the pulse pair produces an asymmetric distribution (Fig.  1C) . In this particular case, the photoemission intensity is enhanced for positive values of k || . The asymmetric population of the image-potential states in momentum space corresponds to a ballistic electron current flowing within a sheet 4 Å thick in front of the surface. Before discussing this current in more detail, we first show that the coherent optical excitation scheme allows control over its magnitude and direction in a manner similar to that previously shown in bulk GaAs (3, 4) .
For reasons described below, the coherent excitation process at the metal surface does not allow for full control over the sign of the parallel momentum of the excited electrons. Only a portion of the excited electrons contributes to the net current (Fig. 1C) . This fraction can be visualized very clearly by subtracting a symmetric distribution from the measured asymmetric spectra. Figure 2 displays such photoemission difference spectra for various values of the phase difference Df = f(w a ) − 2f(w a /2) + f 0 between the two pump pulses (18) . The data for Df = 90°correspond to the difference of the spectra plotted in Fig. 1 , A and C. They show the momentum distribution for the maximum current flowing in the +k || direction. Changing Df from 90°to 270°clearly reverses the direction of the current. For Df = 180°, no net current is generated but the overall excited population is enhanced. Df = 120°and Df = 240°represent intermediate cases with a weak current flowing in positive and negative directions, respectively (19) .
For a better understanding of the coherent excitation process, we now inspect the phase dependence of the photoemission intensity for specific emission angles in more detail and compare it with the results of model calculations. The red and green data points in Fig. 3A depict the photoemission intensity integrated over the corresponding red and green rectangular areas in , respectively. The photoemission intensity varies sinusoidally with the phase difference Df, as expected for a process that is proportional to the product E(w a )E 2 (w a /2), where E(w a ) and E(w a /2) are the electric field strengths of the two pump laser pulses. The data for opposite k || are phase-shifted by about 30°, resulting in an asymmetry of the photoemission intensity.
Because only a fraction of the excited electrons contribute to the net current, the observed phase shift between opposite values of k || is less than 180°. As a quantitative measure of the net current carried by electrons at a given magnitude of k || , we introduce the asymmetry parameter A current = ðI þkjj − I −kjj Þ=ðI þkjj þ I −kjj Þ. A current represents the relative contribution of the coherently controlled current to the total photoemission intensity for a given parallel momentum. It has a sinusoidal dependence on Df and is symmetric around A current = 0 (Fig. 3B ). This again shows that the magnitude as well as the direction of the current can be controlled by varying the relative phase between the excitation pulses. For the larger values of k || , about 5% of all excited electrons contribute to the optically induced current. A current has been found to increase linearly with parallel momentum. Because the total population in the image-state band decreases with increasing k || (Fig. 1) , the absolute number of electrons that carry a net current is roughly independent of k || (Fig. 2) .
The solid lines in Fig. 3 , A and B, depict the results of model calculations where we have numerically solved the optical Bloch equations for a multiband model. The optical generation of currents is described by considering not only resonant optical interband transitions between initially occupied and unoccupied bands, but also the field-induced intraband accelerations (20, 21) . Intraband accelerations are the standard components for the description of the electronic response of solids to static and low-frequency electric fields (1) . This process, however, is often neglected when light-matter interaction is analyzed because optical frequencies cannot resonantly generate such excitations. Compared to previous theoretical treatments of current generation in GaAs, the situation at the Cu(100) surface requires two modifications. Whereas the initial state in a bulk system with three-dimensional translation symmetry is given by a single or few discrete valence bands, the projection of the bulk copper s/p band onto the surface results in a continuum of initial states for the photoexcitation (16, 22) . This continuum is approximated by a set of narrowly spaced dispersionless bands below the Fermi level E F . In addition, the break of inversion symmetry at the surface opens up additional excitation pathways because nonresonant transitions are allowed between all bands, even in dipole approximation. The inclusion of resonant and nonresonant interband as well as nonresonant intraband transitions results in three qualitatively different excitation processes that contribute to the population of the excited surface state (Fig. 3C) .
The first such process is the interaction of laser field E(w a ) with the polarization that is induced by the same field between the occupied bulk bands and the image-potential state. This process [(i) in Fig. 3C ] can be described by pure resonant interband transitions between occupied and unoccupied bands (a i → b). It depends only on the pump field E(w a ) and is responsible for the phase-independent offset of the photoemission intensity.
The laser field E(w a ) also interacts with the two-photon polarization P (2) (w a ) = c (2) E 2 (w a /2) generated by the laser field E(w a /2). This process (ii) becomes possible because of the broken inversion symmetry of the copper crystal at the surface, and it is described here by inclusion of nonresonant interband transitions between different bands below E F (a i → a j≠i ). The nonvanishing P (2) (w a ) alone gives rise to the well-known phenomenon of surface second-harmonic generation (23) . Here, the interaction with the laser field E(w a ) leads to a population of the imagepotential state that varies sinusoidally with Df but is symmetric in k || and therefore is without a phase shift for ±k || (24) .
Finally, the interaction with both laser fields can generate an optically induced current that corresponds to the population of an excited state asymmetric with respect to k || . One of several excitation pathways for this process (iii) is illustrated in Fig. 3C . It includes the excitation of a nonresonant intraband polarization within 
(w a /2) as in process (ii) but has a phase shift of 180°for ±k || . However, the superposition with process (ii) leads to a reduced total phase shift, the magnitude of which depends on the ratio between the third-and second-order nonlinear susceptibilities (i.e., on the strength of specific optical transition matrix elements), but not on the relative field strengths. By adjusting the transition dipoles and the amplitudes of the two incident pulses in our model calculation, we can achieve very good agreement with the experimental data (Fig. 3, A and B) .
We now turn to the decay dynamics of the generated current pulses. Electric currents in metals usually decay by means of quasi-elastic collision processes of the electrons with phonons and defects. In k-space these scattering processes lead to a fast randomization of any asymmetry of the electron population generated by the applied electric field. In our system, because the electrons are excited several electron volts above the Fermi level, an additional decay channel, ultimately limiting the time duration of the current pulses, is the inelastic electron-hole pair decay of the population of the image-potential states due to Coulomb interaction with electrons of the bulk metal (25) . Our experimental technique is able to monitor both decay channels directly. For this purpose we detect the photoemission intensity from a 800-nm probe pulse at different time delays Dt with respect to the pump-pulse pair.
Corresponding raw two-dimensional difference spectra together with phase-averaged intensity spectra are displayed in Fig. 4 , A to D. The difference spectra correspond to the respective maxima of the coherently excited current, which have been determined by varying the relative phase between the two pump pulses for each delay (Fig. 3) . The phase-averaged spectra correspond to the data observed in a conventional time-resolved 2PPE experiment. They represent the total excited-state population. Comparison of both data sets clearly shows that the asymmetry of the excited-state population levels off considerably faster than the overall population decays. At Dt = 150 fs, for example, there is still considerable population left in the imagepotential band (~20%), whereas the asymmetry between positive and negative values of k || has vanished below the detection limit.
To quantify the decay time of the current, we evaluated the already defined asymmetry A current at k || = ±0.15 Å −1 as a function of delay Dt (Fig.  4E) . A current (Dt) would have a constant value if quasi-elastic scattering processes were negligible for the current decay (t → ∞). In the limit of a very fast scattering time (t → 0), the asymmetry would be maximum for negative Dt and would decay while electron population still built up within the finite excited-state lifetime (dashed line in Fig. 4E ). The experimentally observed decrease of A current from its initial value of 5% corresponds to a scattering time of t = 10 fs. Fig. 2 . Contribution of the coherently controlled surface current to the total photoemission intensity for various relative phases DF between the w a and w a /2 excitation pulses. Plotted are the differences between two-dimensional E(k || ) spectra recorded for the indicated Df and a phase-averaged spectrum. Red colors indicate an excess of electrons, yellow colors a deficiency. For 90°and 270°the maximum current is generated in directions +k || and −k || , respectively. . Red and green data points, normalized experimental photoemission intensity integrated over the red and green rectangles in Fig. 1C ; solid lines, model calculations. (B) Relative intensity contrast A current for opposite parallel momenta corresponding to the relative contribution of the coherently excited current to the total photoemission signal. (C) Illustration of the multiband model and three excitation pathways that lead to (i) an incoherent background, (ii) a phase-dependent population that is symmetric in k || , and (iii) the coherent current generation (i.e., a phase-dependent population that is asymmetric in k || ). Interband transitions are depicted as simple arrows; intraband transitions are denoted by an additional dot. 
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The current thus decays much faster than the total excited-state population, which has a lifetime of 35 fs at the band bottom (Fig. 4F) .
The short decay time of the current induced in the image-potential states clearly indicates that it does not predominantly decay as a result of scattering processes of electrons with bulk phonons, but decays mainly by scattering with surface imperfections (26) . Steps, adsorbed CO molecules, or Cu adatoms were shown to have a strong influence on linewidths of 2PPE spectra as well as on the decay of quantum beats in earlier investigations of Cu(100) image-potential states (27) (28) (29) (30) . In these previous experiments, however, quasi-elastic momentum scattering processes were just one of many possible contributions to the measurement, whereas they are singled out in the present work. Other factors that may enter the 2PPE linewidth are instrumental broadening effects, surface inhomogeneities, or the temporal shape of short laser pulses. Moreover, intraband electron-scattering processes that conserve energy and momentum contribute to dephasing and line broadening but do not lead to current decay. Under the assumption that these factors were negligible in the previous studies, the current decay time of t = 10 fs measured here corresponds to a defect concentration of 1 to 2% of a monolayer (26) .
Note that our method for the investigation of ultrafast current dynamics uses a coherent optical excitation scheme only for the creation of an initially asymmetric population distribution in momentum space. Unlike in interferometric 2PPE (6, 31) , there is no fixed phase relationship between the excitation pulses and the timedelayed photoemission probe pulse used for band mapping. The scattering processes leading to current decay are thus observed directly in terms of an incoherent population dynamics in momentum space. This stands in contrast to methods that deduce quasi-elastic scattering times from phase decay rates in various ways. These include previous 2PPE experiments (6, 14, 27, 29) as well as most all-optical spectroscopies (32) . For this reason, we believe that the microscopic understanding of carrier transport, not only in metallic systems but also in well-studied semiconductors, could benefit from a combination of coherent current generation with time-resolved photoelectron spectroscopy. Because the escape depth of lowkinetic energy photoelectrons from solids amounts to several tens of atomic layers (9), the detection method is certainly not restricted to surfaces. Fig. 4. (A to D) Two-dimensional difference spectra (left) and phaseaveraged photoemission intensity spectra (right) for different delays Dt between the two simultaneously arriving w a and w a /2 excitation pulses and the w b probe pulses. The color coding is the same as in Figs. 1 and 2 . The red and yellow bars illustrate the corresponding asymmetries A current evaluated at k || = ±0.15 Å Compact solid-state sources of terahertz (THz) radiation are being sought for sensing, imaging, and spectroscopy applications across the physical and biological sciences. We demonstrate that coherent continuous-wave THz radiation of sizable power can be extracted from intrinsic Josephson junctions in the layered high-temperature superconductor Bi 2 Sr 2 CaCu 2 O 8 . In analogy to a laser cavity, the excitation of an electromagnetic cavity resonance inside the sample generates a macroscopic coherent state in which a large number of junctions are synchronized to oscillate in phase. The emission power is found to increase as the square of the number of junctions reaching values of 0.5 microwatt at frequencies up to 0.85 THz, and persists up to~50 kelvin. These results should stimulate the development of superconducting compact sources of THz radiation.
T he observed gap in the generation of electromagnetic radiation, extending approximately from 0.5 THz to 2 THz, stems from the separation of the two general paradigms for generating electromagnetic waves (1-3): alternating currents in semiconductorbased electronics and electronic transitions between quantized electronic states in lasers, respectively. The frequency of semiconductor devices is bounded from above by limits of the electron velocities, whereas the frequency of solidstate lasers is bounded from below by thermal energies that limit the smallest electronic transitions useful for lasing. Josephson junctionstwo superconducting electrodes separated by a thin insulating layer-naturally convert dc voltages into high-frequency electromagnetic radiation spanning the THz gap, with 1 mV corresponding to 0.483 THz. Although the emission from a single junction is weak, many such junctions emitting in phase at the same frequency can produce useful emission power (4-6). Stacks of junctions with unsurpassed packing density occur naturally in the layered high-temperature superconductor Bi 2 Sr 2 CaCu 2 O 8 (BSCCO). This material, composed of superconducting CuO 2 -layers that are coupled through the intrinsic Josephson effect (7), can sustain high voltages across the junctions and holds the potential for very intense, coherent radiation (8-10) that covers the THz gap. However, the key requirement for producing useful radiation from BSCCO, namely achieving synchronization of the high-frequency oscillations of all the junctions in the stack, has so far been a major challenge preventing the realization of this potential. Various approaches for synchronizing the junctions have been considered, such as applying a magnetic field to induce coherent Josephson vortex flow (11) (12) (13) (14) (15) (16) or inserting the BSCCO crystal into a microwave cavity (17) . However, the far-field radiation power obtained from BSCCO is limited to the pW range (18) .
We show that THz radiation power in the mW range can be produced using a method by which the phase of the emission from the atomic scale Josephson junctions in BSSCO is synchronized by a standing electromagnetic wave that is formed by multiple reflections in the cavity formed by the side surfaces of the crystal, exactly as in a laser. Electromagnetic waves inside a BSCCO crystal propagate as Josephson plasma modes (19) (20) (21) , which resemble the guided modes in an optical waveguide. The average electric field on the side surfaces cancels in all but the in-phase mode, so only this mode produces noticeable emission (Fig. 1, C and D) . Resonances that occur on the long dimension of the mesa incur sign changes of the electric field on the long side faces and do not contribute to the emission in a substantial way. In the in-phase mode, the coherent superposition of the electromagnetic waves from each junction creates a macroscopic coherent state in which the radiation power increases as the square of the number of junctions. We report that more than 500 junctions can be made to oscillate in phase, producing continuous wave coherent radiation power up tõ 0.5 mW at frequencies up to 0.85 THz. The available power is potentially much larger, because there is evidence that 20 mW of power are pumped into the observed THz cavity resonance. The emission persists up to temperatures of~50 K. In contrast to previous studies (11) (12) (13) (14) (15) (16) , emission does not require the application of a magnetic field, considerably simplifying the design of superconducting THz sources. In fact, a single applied dc current leads to the efficient excitation of continuous coherent THz radiation.
We report results on a series of BSCCO samples in the form of mesas (Fig. 1, A and B) with widths varying from 40 mm to 100 mm, a length of 300 mm, and a height of about 1 mm. The mesas and the electrical contacts are fabricated in a series of thermal evaporation, photolithography, and Ar ion milling steps (22) . Figure 2 shows the current-voltagecharacteristics (IV-c) and the radiation power detected by the bolometer. Both quantities are recorded simultaneously as a function of decreasing bias voltage for the parallel and perpendicular settings of a parallel-plate cut-off filter (22) . The data reveal peaks of radiation near 0.37 V and 0.71 V that are polarized with their E-field perpendicular to the CuO 2 -planes, and unpolarized radiation at high current and voltage bias. The former is identified as Josephson radiation, whereas the latter is thermal radiation. Upon rotating the cut-off filter, both peaks decrease in the same proportion, indicating the same radiation frequency. The peak power in Fig.  2 is around 11 nW, and we recorded up to 50 nW when no filters are inserted into the beam path ( fig. S4) . Correcting for the collection angle of the bolometer yields a total radiation power of the sample of~0.5 mW. These values are more than 10 4 times as large as previous reports on far-field radiation from BSCCO mesas (18) . The backbending of the IV-c and the unpolarized thermal radiation indicate heating of the mesa at the highest currents. The effective mesa temperatures along the IV-c, shown in Fig. 2, are estimated by 
